INTRODUCTION
============

It is well accepted that resin-dentin bonds created by contemporary dentin adhesive systems deteriorate over time \[[@B1][@B2]\]. Hence, thorough understanding of all the mechanical, physical, and biochemical factors that affect the stability of hybrid layers is important. Dentin adhesion is like *in situ* tissue engineering, in which collagen fibrils exposed by acid etching (either etch and rinse or self-etch) act as scaffold for micro-mechanical interlocking of monomers leading to formation of hybrid layer. To achieve a stable hybrid layer, this resin infiltration into the filigree of exposed collagen fibers should be as complete as possible. However, sub-optimal infiltration of the denuded collagen matrix is quite common, especially with etch-and-rinse adhesives \[[@B3]\]. Moreover, the moisture of demineralized dentin also impairs the infiltration of hydrophobic monomers \[[@B4]\]. This discrepancy between the depth of demineralised collagen layer and resin infiltration leads to denuded exposed collagen fibrils at the bottom of hybrid layer, lacking the protection of polymerized resin.

The lack of resin protection and presence of water makes the exposed collagen fibrils vulnerable to hydrolytic degradation by host-derived proteases (matrix metalloproteinases \[MMPs\] and cysteine cathepsins) at the bottom of the hybrid layer \[[@B3]\]. MMPs are secreted as proenzymes (zymogens), these are inactive forms which later on get activated by the acidic agents during adhesive bonding procedures. These activated MMPs can slowly hydrolyze the collagen fibrils in the hybrid layer that anchors resin composites to the underlying mineralized dentin, thereby decreasing the longevity of bonded restorations.

Recently, the concept of dentin biomodification has been employed to achieve a more stabilized and durable adhesive interface \[[@B5]\]. It involves the use of several natural and synthetic agents, acting as MMP inhibitor and collagen cross-linker to bio-modify and enhance the mechanical properties of the dentin substrate \[[@B6]\]. MMP inhibitors are either endogenous (tissue inhibitors of metalloproteinases \[TIMPs\]) or exogenous. Various exogenous MMP inhibitors and collagen cross-linkers have been used as dentin bio-modifiers. They can be either used to pre-treat the demineralized dentin surface or have been incorporated into the bonding components \[[@B7][@B8][@B9]\]. Green tea is a natural MMP inhibitor obtained from the *Camellia sinensis* plant. Epigallocatechin-3-gallate (EGCG) is the major polyphenol present in green tea. It inhibits MMP-2 and MMP-9 and improves the mechanical properties of collagen matrix to resist proteolytic degradation \[[@B10]\]. Tetracyclines are antibiotics with cationic chelating properties. Chemically modified tetracyclines (minocycline \[MI\] and doxycycline) lack antibacterial activity, but have some MMP-inhibitory property \[[@B11]\]. Carbodiimide (EDC) is a synthetic, less cytotoxic cross-linking agent. It inhibits endogenous proteases by inactivating the active sites by reducing their molecular mobility and also improves the resistance of cross-linked collagen matrices to degradation by inducing exogenous cross-links and thereby increasing their stiffness \[[@B7][@B12]\]. Ascorbic acid or sodium ascorbate (SA) suppresses the denaturing effect of etching on dentin collagen and found to be a potent inhibitor of MMPs, offering protection against the degradation of composite-dentin bond \[[@B13]\].

As MMP inhibition and collagen cross-linking capabilities vary amongst different dentin biomodifiers, they may also differ in the extent of dentin stabilization achieved for improving resin-dentin bond. Apart from this, results may also vary with the specific adhesive system used, application time, and concentration of the dentin biomodifier \[[@B6][@B8][@B10][@B13][@B14]\]. The conflicting results reported in the literature require more new studies to be conducted in this field. Hence, the aim of this study was to investigate the effect of pre-treatment with EDC, EGCG, MI, and SA on the immediate and long-term bonding efficacy of an etch and rinse adhesive to dentin. The null hypothesis tested was that there is no effect of different dentin biomodifiers on the immediate (24 hours) and long-term (6 months) resin-dentin bond strengths compared to control group obtained with a simplified etch and rinse adhesive.

MATERIALS AND METHODS
=====================

Experimental design
-------------------

The present study has a factorial design and 2 factors are evaluated 1) dentin pre-treatment in 5 levels: no pre-treatment (control group), 1M EDC solution, 0.1% green tea solution (EGCG), 2% MI hydrochloride solution, and 10% SA solution; 2) measurement time of shear bond strength (SBS) in 2 levels: after storage in distilled water for 24 hours and in artificial saliva (Wet Mouth, ICPA Heath Products Ltd., Mumbai, MH, India) for 6 months. The quantitative outcome variable was the SBS value, in MPa. The average bond strength of half the samples (*n* = 10) became the value for the particular experimental subgroup at the particular time (immediate at 24 hours or delayed at 6 months). The failure patterns were described in terms of percentages.

Specimen preparation
--------------------

The study was conducted after taking ethical approval from Institutional Ethical and Review Board (IERB) with reference No. KDCRC/IERB/ENDO/2014/16. One hundred and twenty freshly extracted non-carious, human molars were used in this study. The teeth were examined under stereomicroscope (SZX10, Olympus, Tokyo, Japan) and teeth free of caries, cracks, or any developmental defects were included. Teeth were cleaned and stored in 0.5% chloramine T trihydrate (Sigma Aldrich, Bangalore, KA, India) for no more than 3 months. Tooth crowns were flattened occlusally using a low-speed diamond saw (Isomet, Buehler Ltd., Lake Bluff, IL, USA) under water irrigation to expose superficial dentin. A standardized smear layer was created with 600 grit silicon-carbide (SiC) paper. The samples were embedded in an autopolymerizing resin at the level of cementoenamel junction with long axis perpendicular to the acrylic resin surface.

Experimental solutions
----------------------

All chemicals (Sigma-Aldrich) were of analytical grade and were used without further purification. All the required concentrations were prepared by diluting the extract in distilled water (pH 7.4): 1M EDC-hydrochloric acid (HCl) solution was prepared by dissolving 958 mg EDC into 5 mL distilled water (pH 6.0); 0.1% green tea solution (EGCG) was prepared by dissolving 5 mg EGCG into 5 mL distilled water (pH 6.91); 2% MI solution was prepared by dissolving 100 mg MI into 5 mL distilled water (pH 5.0); 10% SA solution was prepared by dissolving 500 mg SA into 5 mL distilled water (pH 7.76). The prepared diluted solutions were filtered with paper filter No. 6 (Whatman, London, UK).

Adhesive procedures
-------------------

An adhesive tape with a 2.5 mm central hole was positioned on the flat dentin surface to demarcate the pre-treatment and bonding area. All the samples were subjected to acid etching procedure with Scotchbond universal etchant (3M ESPE Dental Products, St. Paul, MN, USA) for 15 seconds followed by rinsing with water for 10 seconds and lastly blot dried. Then the following treatments were done on acid etched dentin surface with corresponding pre-treatment solutions (groups 2--5) with a microbrush for 60 seconds except for the control group. Excess liquid on dentin surface was gently blotted with filter papers to leave a visibly moist dentin surface. Following this, 2 coats of Adper Single Bond 2 (SB, 3M ESPE Dental Products) adhesive were applied on pretreated dentin surface, gently air thinned for 5 seconds, and light-cured for 10 seconds.

1.  Group 1 (control): SB adhesive was applied following manufacturer\'s instructions.

2.  Group 2: 1M EDC (E6383, Sigma Aldrich).

3.  Group 3: 0.1% EGCG (E4143, Sigma Aldrich).

4.  Group 4: 2% MI (M9511, Sigma Aldrich).

5.  Group 5: 10% SA (A7631, Sigma Aldrich).

Transparent plastic tubes (TYGON laboratory tubing, Saint Gobain, Akron, OH, USA) with 2.5 mm in diameter and 2 mm in height were placed perpendicular to the previously etched, pre-treated and bonded dentin surface similar to previous studies \[[@B15][@B16]\]. A nanohybrid resin composite (Filtek Z350 XT, Body Shade A1; 3M ESPE Dental Products) was filled into the precut tubes. Each bonded specimen was light-cured for 20 seconds using quartz-tungsten-halogen (QTH) light curing unit (Spectrum 800, Dentsply Caulk, Milford, DE, USA) at a light intensity of 600 mW/cm^2^. The plastic tubes were gently cut and carefully removed with a number 11 surgical blade after polymerization.

Storage of samples before testing
---------------------------------

Half of the specimens (immediate testing group) were then stored in distilled water at 37°C for 24 hours for completion of polymerization before immediate testing and scanning electron microscopy (SEM) analysis. The remaining half samples from each group (delayed testing group) were stored in artificial saliva (Wet Mouth, ICPA Heath Products Ltd.) at 37°C in an incubator for 6 months before SBS and SEM evaluation \[[@B17]\]. Artificial saliva (pH 7.11) was composed of 0.5% w/v sodium carboxymethyl cellulose, 30% w/v glycerine, and flavoured base. Point 2 percent sodium azide (pH 7.31) was further added to prevent bacterial growth \[[@B18]\]. This was confirmed through the maintenance of the clear color of artificial saliva during the storage period. Moreover, storage solution was changed every 2 weeks, and its pH was monitored at every change.

Determination of SBS
--------------------

SBS was determined using a universal testing machine (Instron, ADMET, Enkay Enterprises, New Delhi, DL, India) using the corresponding computer software. The specimens were placed and stabilized by the jig, while a straight knife-edge rod (2.0 mm) was applied at the tooth-restoration interface at a crosshead speed of 1 mm/min until fracture occurred. SBS in MPa was calculated by dividing the peak force (N) by the cross-sectional area of the failed interface (mm^2^), measured by a digital caliper.

Fractographical analysis
------------------------

The mode of failure of all 20 samples from each group was determined by observation under a stereomicroscope (SZX10, Olympus) at × 10 magnification and classified into adhesive (A), mixed (M), and cohesive (C) failures in either dentin or resin.

SEM evaluation
--------------

Four samples per group (2 for immediate testing subgroup and 2 for delayed testing subgroup) were used for SEM (EVO18 Special Edition, Carl Zeiss, Jena, Germany) evaluation. The restored samples were sectioned mesiodistally and polished with a series of increasingly finer SiC abrasive papers up to 1,200 grit and highly polished with a diamond paste. Acid-base treatment (6N HCl for 30 seconds followed by 4% NaOCl for 10 minutes) was done, and the samples were dehydrated in ascending ethanol concentrations (50%, 75%, and 95% for 20 minutes each and 100% for 1 hour) and then transferred to a critical point dryer for 30 minutes. The specimens were then gold sputter coated and the resin-dentin interface was examined under SEM.

Statistical analysis
--------------------

Data showed normal distribution as tested using the Shaperio‑Wilk W test (*p* \> 0.05). Therefore, an analysis was performed using the parametric tests *i.e.*, independent *t*-test, 2-way analysis of variance (ANOVA) test, and *post hoc* Tukey\'s test, with SPSS version 21.0 (Statistical Package, SPSS Inc., Chicago, IL, USA) at a significance level of *p* \< 0.05. Prior to the ANOVA test, Levene\'s test for equality of variances was also performed. Levene\'s test uses the level of significance set a priori for the ANOVA (*i.e.*, *α* = 0.05) to test the assumption of homogeneity of variance.

RESULTS
=======

SBS
---

Levene\'s test of equality of error variances was 0.501. It states that the error variance of the bond strength (dependent variable) is equal across groups. The results for the 2-way ANOVA indicated a significant effect with factors: various 'pre-treatments' (*p* \< 0.05, *F* = 21.2) and 'duration' (*p* \< 0.05, *F* = 45.5; [Table 1](#T1){ref-type="table"}). Additionally, the interaction effect between various pre-treatments and duration was also found to be significant (*p* \< 0.05, *F* = 1,500.4).

###### Shear bond strength (SBS) of Adper Single Bond 2 adhesive after different surface pre-treatments

![](rde-42-188-i001)

  Dentin pre-treatment   SBS                                         *p* value        Result of 2-way ANOVA              
  ---------------------- ------------------------------------------- ---------------- ----------------------- ---------- ---------------------------------
  1\.                    No additional surface treatment (control)   32.4 ± 5.5^Aa^   16.9 ± 5.0^Ab^          \< 0.001   Main effect
  2\.                    1M EDC                                      38.6 ± 6.1^Aa^   35.1 ± 6.2^Ba^          0.119      Treatment groups, *p* \< 0.001
  3\.                    0.1% green tea (EGCG)                       32.8 ± 5.8^Aa^   29.9 ± 5.3^Ba^          0.125      Duration, *p* \< 0.001
  4\.                    2% MI                                       34.5 ± 6.8^Aa^   31.4 ± 6.8^Ba^          0.158      Interaction effect
  5\.                    10% SA                                      29.4 ± 5.1^Ba^   15.8 ± 4.2^Ab^          \< 0.05    Groups × duration, *p* \< 0.001

Different uppercase superscript letters mean that there is a significant difference between the mean values within the row (*p* \< 0.05). Different lowercase superscript letters mean that there is a significant difference between the mean values within the column (*p* \< 0.05).

ANOVA, analysis of variance; EDC, carbodiimide; EGCG, epigallocatechin-3-gallate; MI, minocycline; SA, sodium ascorbate.

Mean SBS value and standard deviation of all the groups are presented in [Table 1](#T1){ref-type="table"}. At 24 hours, SBS of all surface pre-treatment groups (EDC, MI, EGCG, and SA) were comparable to the control group, with EDC showing maximum immediate bond strength as compared to other 4 groups ([Table 1](#T1){ref-type="table"}). However, a significant difference was found between only EDC and SA groups.

At 6 months storage period, significant reduction in bond strength was observed for the control group (*p* \< 0.05) and SA treated group (*p* \< 0.05). However, EDC, EGCG, and MI pre-treatment groups preserved the resin dentin bond strength with no significant fall over a period of 6 months (*p* = 0.119, *p* = 0.125, and *p* = 0.158, respectively).

Fractographical analysis
------------------------

The effect of different dentin pre-treatment and different time intervals on the distribution of failure pattern were compared using the χ^2^ test ([Figure 1](#F1){ref-type="fig"}). Most of the failures encountered were mixed in all of the pre-treatment groups tested immediately, but it failed to reach the level of significance (*p* = 0.818). At 6 months, an increase in the number of adhesive failures was observed in all the groups but the difference was not significant (*p* = 0.707). However, EDC, EGCG, and MI treated groups showed predominantly mixed failures.

![Failure patterns of experimental groups according to the dentin pre-treatments and to the time intervals (represented in percentage).\
EDC, carbodiimide; EGCG, epigallocatechin-3-gallate; MI, minocycline; SA, sodium ascorbate.](rde-42-188-g001){#F1}

SEM
---

The representative SEM photomicrographs of each pre-treatment group are shown in [Figures 2](#F2){ref-type="fig"}, [3](#F3){ref-type="fig"}, [4](#F4){ref-type="fig"}, [5](#F5){ref-type="fig"}, [6](#F6){ref-type="fig"}. [Figures 2A](#F2){ref-type="fig"}, [3A](#F3){ref-type="fig"}, [4A](#F4){ref-type="fig"}, [5A](#F5){ref-type="fig"}, [6A](#F6){ref-type="fig"} show the resin-dentin interface of different groups observed at 24 hours after bonding. Perfect interfacial adaptation with absence of gap was observed in all the groups. [Figures 2B](#F2){ref-type="fig"}, [3B](#F3){ref-type="fig"}, [4B](#F4){ref-type="fig"}, [5B](#F5){ref-type="fig"}, [6B](#F6){ref-type="fig"} show resin-dentin interface of different groups observed after 6 months of storage in artificial saliva. The interfacial gap was negligible in the samples pretreated with all dentin biomodifiers except SA and control groups which showed the presence of interfacial gap suggesting bond deterioration.

![Scanning electron micrograph of a representative specimen from the control group. (A) Good interfacial adaptation with no gaps can be seen at 24 hours. (B) Poor interfacial adaptation with a large gap can be seen after 6 months.](rde-42-188-g002){#F2}

![Scanning electron micrograph of a representative specimen from the carbodiimide (EDC) treated group. (A) Good interfacial adaptation can be seen at 24 hours. (B) Absence of gaps indicating a good adaptation after 6 months.](rde-42-188-g003){#F3}

![Scanning electron micrograph of a representative specimen from the epigallocatechin-3-gallate (EGCG) treated group. (A) Good interfacial adaptation can be seen at 24 hours. (B) Absence of gaps indicating a good adaptation after 6 months.](rde-42-188-g004){#F4}

![Scanning electron micrograph of a representative specimen from the treated minocycline (MI) treated group. (A) Good interfacial adaptation can be seen at 24 hours. (B) Absence of gaps indicating a good adaptation after 6 months.](rde-42-188-g005){#F5}

![Scanning electron micrograph of a representative specimen from the sodium ascorbate (SA) treated group. (A) Good interfacial adaptation can be seen at 24 hours. (B) Absence of gaps indicating a good adaptation after 6 months.](rde-42-188-g006){#F6}

DISCUSSION
==========

Different strategies have aimed to improve the bond durability by applying various dentin biomodifiers (MMP inhibitors and collagen cross-linkers) as a pre-treatment before resin infiltration or by admixing enzyme inhibitors to primers. The biomodification of collagen can be done with various agents like EDC, EGCG, MI, and SA having both cross-linking and MMP inhibitory potential.

In this study, artificial saliva has been used for 6 months storage similar to previous studies \[[@B17][@B18]\] and water was used for 24 hours storage so that a valid comparison could be made with immediate bond strength values of adhesives reported in previous studies. A meta-analysis reported that water as storage media presented the higher heterogeneity, while artificial saliva and other aging methods presented lower heterogeneity \[[@B19]\]. Moreover, Tezvergil-Mutluay et al. \[[@B20]\] reported that using water as a storage medium underestimates the hydrolytic activity of endogenous dentin MMPs, because it promoted the loss of calcium and zinc ions from the dentin matrices, rather than restoring them. Therefore, artificial saliva was used for long-term storage to better simulate the clinical conditions.

In this study, 1M EDC concentration was used as previous studies have found better results with 1M EDC/2M EDC as compared to 0.5M EDC \[[@B21][@B22]\]. In this study, distilled water (pH 7.4) was chosen as solvent for preparing EDC solution as Seseogullari-Dirihan et al. \[[@B23]\] found that EDC water solution caused the least amount of collagen degradation at around neutral pH. In this study, EDC when used as dentin biomodifier preserved the bond strength even after 6 months storage in artificial saliva. Our results are supported by various studies which reported improvement in resin-dentin bond durability with EDC pre-treatment \[[@B17][@B24][@B25]\]. EDC causes stiffening of collagen making it more difficult for MMPs to unwind the collagen triple-helix structure. Apart from causing cross-linking of dentin collagen, EDC cross-links matrix-bound MMPs as well and cross-linking occurs more rapidly in MMPs than in collagen \[[@B26][@B27]\]. It inactivates the catalytic site of proteases and reduces the mobility of enzymes by creating a new peptide bond across adjacent peptides. This could be explained by the better accessibility of carboxyl and amino groups in MMPs than in collagen \[[@B28]\]. It shows that EDC is a potent MMP inhibitor and that its MMP inhibitory effect is much faster than its collagen cross-linking effect. Therefore, it can also be anticipated that MMP inactivation by cross-linking agents like EDC should last much longer than the inhibition by MMP inhibitor alone.

EGCG is a potent inhibitor of MMPs and cysteine cathepsins, and their inhibitory effect is concentration-dependent. In this study, 0.1% EGCG was chosen, as linear polymer chains are formed at a low concentration during polymerization of dental adhesive and with higher concentrations of EGCG, formation of these linear polymer chains might get disturbed leading to inadequate polymerization of the adhesive. In our study, EGCG pre-treatment was able to prevent the decrease in bond strength after 6 months of *in vitro* aging without affecting the immediate bond strength. Our results are in accordance with other authors who also demonstrated that EGCG prevents decrease in bond strength of etch-and-rinse adhesives over long-term \[[@B29][@B30][@B31]\]. This beneficial effect could be attributed to 2 MMP inhibitory mechanisms. First, EGCG binds to zinc ion, which plays an important role in protecting collagen against degradation by creating a new conformation, protecting the cleavage sites of collagen from metalloproteinases \[[@B31]\]. Second, it causes irreversible degradation of the MMP-2 molecule by exhibiting hydrogen bonding and hydrophobic interactions with it, or by masking the catalytic region of MMP-2 \[[@B32]\]. In accordance with da Fonseca et al. \[[@B29]\], we also found that 0.1% EGCG pre-treatment on acid etched dentin showed higher immediate bond strength as compared to 10% SA although it was not statistically significant. However, contrary to our study Monteiro et al. \[[@B6]\] found that green tea solution adversely affected the immediate bond strength. It may be due to the higher concentration (2%) of green tea used in their study and the use of green tea extract prepared from its herb, which might contain many unwanted impurities.

Chemically modified tetracyclines (doxycycline and MI) are considered broad-spectrum MMP inhibitors. Similar to Stanislawczuk et al. \[[@B33]\] and Li et al. \[[@B34]\], we also found that the application of 2% MI, as dentin pre-treatment did not affect the immediate bond strength and also prevented the decrease in bond strength of the etch-and-rinse adhesives even after storage for 6 months in artificial saliva. This beneficial effect could be attributed to their ability to chelate calcium and zinc ion, which play an important role in maintaining MMP structure and functional active sites. By binding to the zinc ion present on catalytic domain of the enzyme, modified tetracyclines can inhibit the MMPs by altering their conformation at the molecular level and thus blocking their catalytic activity in the extracellular matrix.

We chose SA as one of the dentin biomodifying agent in our study as it has been reported to stabilize collagen and promote collagen biosynthesis besides having an antioxidant effect \[[@B35]\]. Moreover, ascorbic acid has an inhibitory effect on dentin MMP-2 activity \[[@B13]\], which participates in resin-dentin hybrid layer degradation. However, in our study we could not observe any beneficial effect of SA on the durability of resin-dentin bond, although it did not affect the immediate bond strength. This may be attributed to its lower MMP inhibitory potential and lack of cross-linking ability as compared to other dentin biomodifiers used in the study.

Contrary to our study, 2 previous studies reported that SA maintained the bond strength over the long-term but decreased the immediate bond strength \[[@B8][@B14]\]. They attributed this decrease to its hydrophilic character, which causes phase separation and inhibition of polymerisation when incorporated into adhesives \[[@B8][@B14]\]. Moreover, SA causes decrease in degree of conversion and slows down the polymerization process, resulting in continued polymerization which might be the reason for increased SA doped-adhesives resistance against degradation over long-term.

Despite promising results obtained in the present study, there are some limitations such as SBS testing was done instead of microtensile bond strength testing which might alter the bond strength, as stress distribution along a large cross sectional area is not as uniform as for small cross-sectional area. Bond strength testing and storage of samples can be done considering the intrapulpal pressure to simulate the conditions clinically. Caries-affected dentin has not been used in the present study which usually produces lower bond strength and poor quality of the hybrid layer, as it is different in morphological, chemical and physical characteristics from normal dentin. The pH of dentin biomodifier/distilled water solutions was varying and no buffer system or solution was used in the study to neutralize the solution. Therefore, results might be affected by these factors.

All the dentin biomodifiers (EGCG, EDC, and MI) except SA significantly preserved the resin-dentin bond strength after 6 months storage as compared to the control group, thus null hypothesis was rejected. This provides the justification for further studies that are required to develop bio-active adhesives with integrated MMP inhibition and collagen cross-linking potential to improve the durability of the resin-dentin bond. Moreover, optimum concentration, time, pH and form of application of these dentin-biomodifying agents still needs to be determined in which they show maximum efficacy without interfering with the polymerization process.

CONCLUSIONS
===========

All dentin biomodifiers (EDC, EGCG, and MI) except SA significantly preserved the resin-dentin bond strength even after 6 months of storage. None of the dentin biomodifiers significantly affected the immediate (24 hours) bond strength of SB adhesive.
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